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ABSTRACT 
In present work, alumina articles with different dopant percentage were prepared to study 
their various mechanical and high temperature properties. Before casting, alumina with different 
particles size gradation were obtained or prepared by planetary milling by varying the time of 
milling. The primary dopant used here is Nano-magnesia prepared by the precipitation method. An 
Ammonium Polymethacrylate solution was used as dispersant which has reduced likeliness to foam 
and produces slurries of abysmally low viscosities. The stability of the slip which clearly depends 
on the percentage of dispersant added, which was determined by the Zeta Potential data. Gypsum 
moulds were used for the casting process in which the both solid casting and drain casting was 
carried out to prepare bodies of different shapes and size. The casting was done as per the 
conventional methods and fired at 1650oC for 4 hours. Thereafter different properties such as 
Apparent Porosity, Bulk Density, Linear Shrinkage, Permanent Linear Change upon Reheating and 
Cold Modulus of Rupture were studied. 
Surface area of the milled sample scaled to 4.8m2/gram. Density of up to 90% theoretical density 
and porosity with up to <1% porosity was achieved through this process. The CMOR values that 
were obtained had a highest value of about 181.9MPa. The PLCR values, in percentage, were found 
to lie within 0.3% whose acceptance limit is below 0.5%. 
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1. INTRODUCTION 
Slip casting is an old and traditional process which comprises casting a slip (slurry) of 
particles such as ceramic particles, metallic particles, etc. can be used as long as they are insoluble 
in solvent, and in particularly a method suitable for forming a cast article of high quality complex 
shaped bodies[1]. The common casting methods involve drain casting and solid casting; hollow 
bodies such as crucibles are prepared by drain casting whereas non hollow bodies are prepared by 
solid casting. Casting process begins by filling a mould with ceramic slurry having a pourable 
consistency. The cast is produced when a physical and/or thermal changes causes the slurry to 
develop a yield strength. These common casting methods are based on colloidal system in which 
removal of the liquid is used to consolidate particles suspended in slurry. In slip casting 
consolidation of particles is accomplished as the liquid flows through a porous medium under a 
pressure gradient[2]. 
The next important thing required in case of casting process is to disperse the ceramic powders in 
an aqueous medium which have to fulfil several requirements such as suspended particles should 
not settle fast under the effect of gravity and should be able to remain in suspended state or else 
segregation can occur which can cause density in homogeneities in the casted bodies[3]. Secondly, 
the slurries should be easily reproduced and must be insensitive to slight variations in solids 
content, chemical composition and time durations. For the casting of alumina based bodies 
generally slip with high solid content is preferred which not only ensures reasonable casting rates 
but also reduce energy consumption, which is required, in the subsequent drying stages due to the 
lower moisture content that has to be removed[4]. The use of very fine particles, which is the 
prevailing trend in ceramic processing, enhances sintering rates of the bodies. However use of both 
fine powder and high solid content in the slip leads to an increase in the viscosity because of 
increased particle-particle interactions that increase complexities.  
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The tendency of ceramic powders to agglomerate which is due to the intra-particle Vander Waals 
forces can be eliminated with the addition of appropriate dispersants which alter the powder surface 
properties. These dispersants modifies the surface properties so that either the repulsive forces due 
to electrostatic repulsion resulting from the overlapping of double layers or due to the steric 
hindrance resulting from absorption of large molecules become higher than the existing attractive 
forces. These modifications ensure the suspension of particles within the slurry without being 
getting settled or forming thick lumpy masses[5]. Various dispersants available for the stabilization 
of oxide powder slurries (alumina, titania, zirconia, etc.), but poly-methyl-acrylate salts are usually 
preferred with their commercial names, such as Darvan, Dolapic etc. are probably the most 
frequently employed. 
The dispersant employed here is Darvan C, an ammonium polymethacrylate, which has very high 
molecular weight ~ 10,000 to 16,000 whose appearance can be considered clear to slightly 
opalescent amber fluid. The dispersant is completely soluble in water systems and is stable in the 
presence of alkalis over a wide pH range. Darvan C is recommended for use in the preparation of 
casting slips from high oxide electronic bodies where minimum sodium content is desired. 
Once the slip is prepared it is casted in a mould which must satisfy the following three 
requirements[1]:-   
1. The casting mould must be so porous as to absorb a liquid such as water, alcohol, etc. as a 
solvent for the slip, though it is not a disadvantage that a part of the casting mould fails to 
absorb the solvent[1]. 
2. Mould material must have such strength above a given level as to ensure the mould-making 
work, for example, compression strength of at least 3-4kgf/cm2 [1]. 
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3. The strength of the casting mould must be considerably lowered within a shape-
maintainable range by heating. More specifically, a compression strength of about 1kgf/cm2 
can be maintained[1]. 
The most commonly used porous mould material for slip casting is gypsum (CaSO4.2H2O) formed 
from the reaction between Plaster of Paris (CaSO4. 0.5H2O) and water[2]: 
CaSO4. 0.5H2O + 1.5 H2O              CaSO4.2H2O 
This technology is used because of the ability to fabricate moulds with good surface smoothness 
and details, short setting time, small dimensional expansion (about 0.17%) on setting which aids 
release from models and relatively low cost. A range of 60/100 to 80/100 water/plaster weight ratio 
is used in slurries for production moulds. During setting, an interconnected network of needle and 
plate like arrangements of gypsum crystals are formed, which gives moulds strength. 
Once the green body is prepared it is dried in different stages with different temperatures after 
which it is fired at near about 1650oC. High temperature matter transport phenomenon, such as 
creep deformation and densification during sintering in fine grained, polycrystalline alumina, are 
very sensitive to small levels of doping various cations which segregates at the grain boundaries. 
Dopants that can be doped in alumina are MgO, MnO, SrO, TiO2, ZrO2, etc. but here the effect of 
MgO has been studied with varied percentage in the slip system. There are different views 
regarding the mechanism involved in the inhibition of grain growth among which few are: 
1. MgO increases the rate of densification directly through raising the value of grain boundary 
diffusion coefficient[6]. This is expected to change the grain size/density trajectory during 
sintering to give smaller, more mobile pores at a given density thereby avoiding pore break 
away abnormal grain growth(AGG)[7]. 
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2. MgO acts to raise the pore mobility, Mp, directly through the raising of the surface 
diffusion[8]. This is expected to change the grain size/density trajectory to give larger grains 
and large pores at a given density. 
3. MgO acts directly to decrease the rate of grain growth during sintering through lowering of 
the surface diffusion[9]. This assumes that the grain growth is controlled by surface 
diffusion-controlled pore drag. This is also expected to change the grain size/density 
trajectory to give smaller grains(hence small pores) at a given density[6,9]. 
Owning to the current advances in various analytical techniques, it is clear that MgO definitely 
avoids AGG in alumina and it is related to the presence of particular impurities in the staring 
powder, or those introduced during powder sintering[7]. Addition of a small amount of MgO is 
established as the most effective way of avoiding AGG. 
Alumina (Al2O3) has a wide application due to its versatility and low material cost. Alumina 
possesses a high melting point, strong hardness, and good chemical stability making it a good 
material to withstand high temperature and chemical corrosion. These fully dense, fine grain 
products find use in a range of high temperature applications such as metal processing / molten 
glass, rapid thermal cycling, gemstone purification for jewellery industry etc. Majority of 
applications require the ceramic to be impervious. 
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2. LITERATURE SURVEY 
Radonjic et al [7] reported the effect of addition of magnesia on the density of the fired alumina, as a 
function of content of magnesia and the time of holding at 1200oC in presence of atmospheric air. 
From the results it was seen that upon addition of magnesia, it drastically increases the densification 
rate of the prepared alumina samples. The initial density of all the doped samples was found to be 
70% of the theoretical (the density of the sample obtained or calculated after the complete 
transformation of the initial phase to α-alumina). A significant densification has been seen to be 
associated with the formation of the α-alumina in samples that were being doped or seeded which 
primarily occurred at 1040oC but for samples that were not doped it was found that temperature was 
even higher than 1180oC. Inter-granular densification which be owing due to short and high 
temperature sintering during the exothermic phase transformation which also includes the ultra-fine 
scale (50nm) of the newly formed α-alumina. Although during phase transformation a significant 
densification was seen to take place, but the time required to attain high density at that temperature 
is very long. Author explains by saying that the doping of the magnesia affects the densification rate 
which cannot be explained only because of the change in diffusion coefficient Many models on 
sintering predicts the densification rate dependence on diffusion coefficient, at a constant 
temperature,  and the size of the grains. But this was considered only during the final stages of 
sintering. Here author have shown the dependence on the grain size too but have also tried to 
explain the intermediate stage of sintering. 
The conclusion drawn by the author are the effect of doping of magnesia in alumina increases the 
densification rate as known very well from the sintering of classical alumina but its role of addition 
is not completely the similar as in sintering of classical alumina. He also showed that α-alumina can 
be sintered at much lower temperature when seeded and when doped with magnesia. By decreasing 
the size of the particles of alumina and upon doping it with magnesia also increases the 
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densification rates. But if the grains are very fine according to the scale then there is no AGG at the 
temperatures such as 1200oC which was used in this experimental study. Finally by increasing the 
content of magnesia addition, the grain size of the alumina is restricted or decreased which means 
that magnesia retards the grain growth of alumina. 
Jennifer A. Lewis[14] reported the colloidal processing of ceramics with an emphasis on suspension 
rheology, inter-particle forces, drying behaviour and consolidation techniques. Term colloid is 
being used to describe the particles which possess at least one dimension in the size of range 10-3-1 
µm. A feature that distinguishes all the systems of the colloids is the area of contact between the 
particles and the dispersing medium is being too large. As a result, suspension behaviour is strongly 
influence by the inter particle (or surface) forces. 
Colloidal processing shows enough potential to produce reliable films of ceramic and forms of bulk 
foams which can be fabricated through a careful control of the initial suspension and the evolution 
of its “structure”. This approach which involves five basic steps are as follows: synthesis of powder, 
preparation of suspension, consolidation into the desired component shape, solvent phase removal, 
and to produce the densified final microstructure requirement for its optimal performance. Colloidal 
stability which is governed by the total inter particle potential energy which is represented as Vtotal 
can be expressed as sum of the Vvdw (attractive PE due to long-range interactions between particles 
by vander waals forces), Velect (repulsive PE which results from the electrostatic interactions 
between the particle surfaces of the  like-charged ions), Vsteric (the repulsive PE resulting from steric 
interactions between the surfaces of particles with the adsorbed polymeric species used for coating 
their surfaces) and Vstructural (the PE resulting due to the presence of non-adsorbed species in 
solution which can either decrease or increase the stability of the suspension). 
Steric Forces: An alternate route of controlling colloidal stability which can be provided by steric 
stabilization can be used for the aqueous and non-aqueous systems. In this approach steric repulsion 
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is induced by the adsorption of organic molecules which are quite often polymeric in nature. The 
thickness and the density of the adsorbed layers must sufficient to overcome the vander waal force 
of attraction between particles and therefore preventing flocculation by bridging. Strong anchoring 
is required to avoid desorption of such species which can take place during collision between 
particles. The adsorbed layers conformation can vary dramatically, depending on number of 
anchoring groups, active surface site density, solvent quality, molecular architecture and the 
concentration of colloid and organic matter in the solution. Schematic illustrations shown below is 
an example of similar layers adsorbed on ideal ceramic surfaces. They vary in diblock copolymers, 
molecular architectures, comblike copolymers, including homopolymers and functionalized short-
chain dispersants. 
 
Fig. 2.1: Schematic illustrations of an ideal ceramic surface with adlayer conformation represented 
as a function of varying molecular architecture[14]: where picture A represents a homopolymer, 
consisting of tails, loops, and train configuration; B represents a diblock copolymer, consisting of 
short anchor block and extended chain block; C represents a comblike copolymer, consisting of 
extended segments attached to anchored backbone; and D represents a functional, short-chain 
dispersant, consisting of anchoring head group and extended tail[14]. 
17 
 
Otherwise the stable dispersions have been known to undergo various transitions from stable to 
depletion flocculation to depletion re-stabilization with increasing depletant volume fraction. 
Destabilization is known to occur when such species are removed from the inter-particle gap, 
resulting in an osmotic pressure difference that promotes flocculation. Lewis and Ogden had 
recently conducted the first systematic study of depleting effects on the stability of weakly 
flocculated, concentrated colloidal suspensions. They observed that the stability of such systems 
only improves with the increase of depletant additions. Such observations are usually attributed to 
the presence of a barrier which is repulsive in nature. 
Factors on which the zeta potential depends are particle size, temperature, pH and on the 
concentration of dispersing agent[13]. The most important factor that affects zeta potential is pH. If 
more alkali is added to this suspension then the particles tend to acquire more negative charge. If 
acid is added to this suspension then a point will be reached where the charge will be neutralized. 
Further addition of acid will cause a build-up of positive charge. In general, a zeta potential versus 
pH curve will be positive at low pH and lower or negative at high pH. There may be a point where 
the curve passes through zero zeta potential. This point is called the isoelectric point and is very 
important from a practical consideration. It is normally the point where the colloidal system is least 
stable. 
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3. EXPERIMENTATION 
For the preparation of alumina crucibles through slip casting: Material used is fine alumina 
powder of surface area 4.214 m2/gm; Dispersant used is Darvan C; Solvent used is distilled water 
and moulds prepared from Plaster of Paris were used for the casting. The flow chart of the overall 
experiment has been shown in two different flow chart refer Fig. 3.1 and Fig. 3.2 
3.1 Milling of Alumina Powder 
As discussed earlier the fine particles increases or enhances the sintering rates, hence study of 
properties of alumina crucibles with respect to different particle size has been taken into 
consideration. The alumina powder was milled in a planetary ball mill using a silicon nitride vessel 
and silicon nitride balls as the grinding media. Wet milling is preferred over dry milling. For wet 
milling liquid used is Iso-propyl alcohol. Initially powder was poured and then the liquid was added 
to a level such that the powder is totally submerged within the liquid. The overall volume of the 
liquid and powder material should not exceed 60% of the total volume of the vessel. The machine 
was set to 300rpm for about 4 hrs with 1hr in milling mode and a subsequent 30mins in stop mode. 
After milling the milled material was collected in a beaker and kept for drying in a drier at 100oC. 
After which the material was scratched out and again milled using a mortar and tassel to break the 
agglomeration formed. After which the BET analysis was done for the milled material. 
3.2 Preparation of Various Preforms 
For the characterization of the prepared crucibles, various different shaped bars and pellets are 
casted using slip casting process. For the casting of which we require moulds having a negative 
imprint of it. To prepare such moulds out of these various preforms, preforms are carved out from 
the wood for bar sample and cut from a plastic pipe for pellets. The dimensions of the preform are 
calculated with the assumption of net volume shrinkage of about 25% of the original dimension 
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after firing Table 3.1. Bars of three different dimensions are prepared and pellet of single 
dimension is prepared. The breadth and the depth of the bars preforms are 0.7cm each and are same 
for all but the length of the three different preforms varied and are 6.76cm, 5.1cm and 3.4cm 
respectively. The dimensions of the pellets preform are 1.8cm x 1cm (diameter x height). Once the 
preform is prepared it is confirmed that the surface be polished using a grinding wheel ensuring the 
smoothness of the surface of the negative imprint on the mould. 
 Required Dimensions in cm Dimension Marked in cm 
Sample Name Length     Breadth      Height Length     Breadth      Height 
Small Bars 2.54         0.5              0.5 3.4            0.7              0.7 
Medium Bars 3.81         0.5              0.5 5.1            0.7              0.7 
Long Bars 5.08         0.5              0.5 6.76          0.7              0.7 
Table 3.1: Tabulation of the required and marked dimension after considering net volume shrinkage 
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Fig. 3.1: Flow chart of the overall Experimentation. 
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Fig. 3.2: Flow chart of the Slip Casting process in general. 
Drying 
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Slip casting 
Draining + 
Stiffening 
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Preparation 
Part removal 
22 
 
3.3 Mould Making 
A glass plate is taken over which the mobil oil is applied. This mobil oil acts as a lubricant and does 
not allow the mould to stick on the glass. Then a cardboard is taken using which a hollow cubic 
shaped body is prepared as seen in Fig. 3.3. The dimension of the cardboard should be such that the 
preform is at the centre of the cubic shaped mould which helps in uniform drying during the casting 
process. Slurry is prepared using water and Plaster of Paris in the ratio 1:1 such that the negative 
imprint can be casted over the mould. The preforms were placed at equal distance in between the 
hollow cubic shaped cardboard. Mobil oil is also applied over the preforms. 
Wet sand was used to cover the gap between the cardboard and the glass plate so as to avoid 
leakage of slurry from the holes or gap between the same as seen in Fig. 3.4. Then the prepared 
slurry was slowly poured in to the hollow cubical box to a certain height predefined. The body is 
kept for air drying for about 24hrs. After 24hrs the body is removed from the cardboard and kept for 
air drying for another 24hrs. Then the mould was kept in drier at 60 to 70oC for complete removal 
of water deposited at the pores. Thereafter the preforms were carefully removed using a blade and 
forceps as seen in Fig. 3.4. The mould inner surface was polished using a sand paper after drying. 
                       
Fig. 3.3: Picture of mould preparation and the mould prepared for a bar sample. 
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Fig. 3.4: Picture of mould preparation and mould prepared for a crucible. 
3.4 Optimization of the Slurry 
Optimization of the slip is necessary as it controls the stability, viscosity and many other casting 
phenomenon such casing rates, defects generated during casting process and many more. The slurry 
is optimized by studying its properties so as to get a slip which is stable i.e. the suspended particles 
do not agglomerate or do not settle with changing time. The slip properties are studied by preparing 
samples with different percentage of dispersant and with different pH. Aim is to obtain an 
optimized value of dispersant to be used in the slip to obtain maximum stability of the slip. The 
Zeta potential value is then calculated for the each sample with different pH and on comparison it 
gives the idea regarding the most stable slip at a given percentage of dispersant used at a particular 
pH value. And hence the optimized percentage of the dispersant to be used is known at a given pH 
value.  
The percentages of dispersant over which the experiments are carried out are 0.1%, 0.3% and 0.5%. 
First a given amount of distilled water is taken to which the calculated amount of dispersant is 
added which is 0.2% of the weight of the alumina powder taken and so on. Then the calculated 
weight alumina powder is added slowly with constant stirring over a spinot. Once the slip is ready 
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then a drop or a pinch of the slip is poured into another beaker containing distilled water. Then the 
new sample is sonicated in an ultra sonicator until a homogenous solution is obtained. Now the 
solution is diluted and sonicated repeatedly until we get a clear solution of the new prepared 
sample. Now the prepared clear solution is poured in 5 test tubes and the pH of the individual is 
changed according to the desired value. The original pH of the clear solution was near to 7 and 
hence to decrease the pH that is to make it acidic in nature, nitric acid is used and to increase the pH 
ammonia solution is used. The pH values aimed are 1, 3, 5, 7 and 9. Then the zeta potential values 
are calculated using a zetasizer and compared for every solution. The pH and percentage dispersant 
giving maximum zeta potential value indicates the stable slip. 
3.5 Preparation of Nano Magnesia by Precipitation Method 
First it was tested whether a white colour precipitate forms upon adding ammonia to magnesium 
nitrate solution. Upon confirming for so the whole experiment was carried out. First add distilled 
water to the calculated amount of magnesium nitrate till it forms a clear solution. Dilute the above 
solution up to 8 times. Take 400ml of ammonia solution in a beaker and add 0.4% of the dispersing 
agent in to the ammonia solution. Then add the diluted magnesium nitrate solution drop wise with 
constant stirring in the ammonia solution using a burette (Fig. 3.5). Then allow the precipitate to 
settle and decant the rest of the solution. Keep the undecanted solution in a drier so as to completely 
dry out the solution (Fig. 3.5). Then fire the powdered magnesium oxide at two different 
temperatures which is at 600oC holding for 2hrs and at 300oC holding for 2hrs. Firing at two 
different temperatures was done two prepare both crystalline magnesia and amorphous magnesia. 
The calculation for the batch is as follows: 
Considering 25gms of Nano-Magnesia is required and using the equation 
Mg(NO3).6H2O + 2NH4OH                      Mg(OH)2 + 2NH4+ +NO3- + 6H2O 
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Mg(OH)2                   MgO + H2O 
Therefore, 1 mole of MgO requires   1 mole of Mg(OH)2  1 mole of Mg(NO3).6H2O 
Therefore 25gms of MgO requires  36.25gms of Mg(OH)2  160.25gms of Mg(NO3).6H2O 
Moles of NH4OH required = 2 x 0.625 (moles of Mg(NO3).6H2O required) = 1.25moles 
Weight of NH4OH required = 35 x 1.25 = 43.75gms 
The solution is 25W/V, therefore 25gms of NH3 is present in 100ml solution 
So for 21.35gms of NH3 the required amount of solution is 85.4gms 
Volume of solution required is = 85.4/0.91 = 93.85ml; 0.91 is the density of the ammonia solution. 
This is the minimum required amount of ammonia solution, but 400ml of solution was taken.  
Molarity of clear solution of magnesium nitrate is found to be 2.75M 
Therefore for diluting up to 8 times requires 1820ml of distilled water. 
        
Fig. 3.5: Pictures showing the setup for the drop wise addition of magnesia nitrate solution to the 
ammonia solution and settled magnesia kept in an oven for drying. 
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3.6 Preparation of Alumina Slip and Its Casting 
The overall steps or the procedure has been shown using smart art (Fig. 3.6). 
  
Fig. 3.6: Flow chart of the Slip Casting. 
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The calculation for the batch with 0% of dopant is as follows: 
Weight of alumina powder taken = 330gms 
Weight of Darvan C taken = 330 x 0.3/100 = 0.99gms 
Now the solid loading has to be 70% of the total solution therefore, 
X x (70/100) = 330; where X is the total weight of the solution, 
Therefore X = 471gm; and weight of water is 471 - 330 = 141gm 
Volume of water to be used is = 141ml; as density of water is 1gm/ml. 
The calculation for the batch with 0.25% of dopant is as follows: 
Weight of alumina powder taken = 300gms 
Weight of MgO required is = 300 x 0.25/100 = 0.75gms 
Weight of Darvan C taken = 300.75 x 0.3/100 = 0.902gms 
Now the solid loading has to be 70% of the total solution therefore, 
X x (70/100) = 300.75; where X is the total weight of the solution, 
Therefore X = 429.64gm; and weight of water is 429.64 – 300.75 = ~129gm 
Volume of water to be used is = ~130ml; as density of water is 1gm/ml. 
The calculation for the batch with 0.5% of dopant is as follows: 
Weight of alumina powder taken = 300gms 
Weight of MgO required is = 300 x 0.5/100 = 1.5gms 
Weight of Darvan C taken = 301.5 x 0.3/100 = 0.905gms 
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Now the solid loading has to be 70% of the total solution therefore, 
X x (70/100) = 301.5; where X is the total weight of the solution, 
Therefore X = 430.7gm; and weight of water is 430.7 – 301.5 = ~130gm 
Volume of water to be used is = ~130ml; as density of water is 1gm/ml. 
 
        
Fig. 3.7: Pictures depicting the slip preparation and casting process. 
               
Fig. 3.8: Picture depicting the casting of bars and pellets shaped sample. 
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Fig. 3.9: Picture depicting the casting of bars shaped sample. 
From the Fig. 3.7, Fig. 3.8 and Fig 3.9 all the basic steps involved in the slip casting process is 
picturized. From the smart art and these pictures one can easily visualize the steps involved and 
how the process is carried out. 
3.7 De-moulding, Drying, Shaping and Firing of the Casted Bodies 
After casting the body, the casted body were kept away from an air draft or under direct sunlight to 
dry at room temperature. After 24hrs the mould is tapped slowly so as to remove the casted bodies 
(Fig. 3.10). If the body do not come out keep it for drying for some more hours. Now the casted 
body is kept for air drying either under direct sunlight or at room temperature depending on the 
initial strength of the body. Now the sample is transferred to oven for oven drying which is initially 
kept at about 60oC, after 24hrs the temperature is raised to 100oC and is allowed to dry for another 
24hrs. So overall the drying process takes near about 3-4 days. After the bodies have dried up they 
are brought into shape by polishing their surfaces using a sand paper (Fig. 3.11). All the bar shaped 
sample, pellet shaped sample and crucibles (Fig. 3.12) are polished thoroughly. Now the sample is 
ready to be fired at 1650oC with a holding period of 4 hrs (Fig. 3.13). 
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Fig. 3.10: Picture depicting demoulding stage of the casted bodies and the bodies are kept in a drier. 
 
   
Fig. 3.11: Picture depicting the texture of casted sample before and after shaping. 
 
 
Fig. 3.12: Picture depicting the texture of casted sample after shaping and is ready to be fired. 
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Fig. 3.13: Picture depicting the firing stage of the samples. 
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4. CHARACTERIZATION 
4.1 ZETASIZER 
 Zeta potential is a physical property which is exhibited by any particle in suspension. It can 
be used to optimize the formulations of suspensions and emulsions. Knowledge of the zeta potential 
can reduce the time needed to produce trial formulations. It has long been recognised that the zeta 
potential is a very good index of the magnitude of the interaction between colloidal particles and 
measurements of zeta potential are commonly used to assess the stability of colloidal systems[11]. A 
theory called the DVLO theory was proposed to understand the stability of the colloid system. It 
states that the total potential of the system is sum of attractive, repulsive and solvent potential. 
When the repulsive potential increases the stability of the colloid system increases because 
repulsions resist flocculation. And the repulsive forces among the particles are directly proportional 
to the zeta potential of the entire system. The zetasizer instrument can also be configured to 
measure the size of the particles, using the dynamic light scattering principle also called as the 
(photon correlation spectroscopy). 
The colloid having the particles in it is subjected to a high intensity light such as a laser and the 
particles scatter the laser in various directions, when a detector is placed near the screen bright and 
dark patterns are seen for stationery particles using these images the size of the particle is measured. 
It is said that the larger particles move slowly and the light particles move with a greater speed 
correlating the speed and the pattern the size of the particle is estimated using Stoke –Einstein 
equation. 
4.2 BET SURFACE AREA 
Surface area measurements on ceramic powders are determined by gas adsorption using the 
Brunauer—Emmett—Teller (B.E.T.) equation[10]. 
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Briefly, in the static method of surface area measurement, the amount of adsorbed gas is usually 
determined by measuring pressure differences in a calibrated high-vacuum apparatus. In the 
dynamic or continuous flow method, the amount of adsorbed gas is determined by concentration 
measurements utilizing a thermal conductivity detector. The B.E.T. principle is embodied in the 
well-known equation[10]: 
P / [V(Po-P)] = 1/VmC  +  [(C-1)/ VmC].[P/ Po] 
Where, P = equilibrium pressure of the gas, 
Po = saturation pressure of the gas at liquid N2 temperature, 
V = volume of gas adsorbed at equilibrium pressure,  
Vm = volume of gas required to form a monolayer, 
C = constant related zo a special value of the heat of adsorption: 
C = exp {[H1-H2]/RT} 
Where H, = heat of adsorption at the monolayer point, and H2 = heat of condensation. 
This equation should result in a linear plot of (P/V)(Po -P) against P/Po and the value of Vm can then 
be calculated from the slope and intercept. Having obtained the value of V, from the B-E-T plot, the 
following equation is employed to calculate Sw, the specific surface area in m2/g for the sample[10]: 
Sw = [Nσ Vm]/[MvW] 
Sw = specific surface area in m2/g, 
N = Avogadro’s number, 6.023 X 10” molecules/gram molecule, 
σ = area occupied by one adsorbate molecule, 16.2 x 10-20 m2 for N2, 19.5 x l0-20 m2 for Kr,  
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Vm = monolayer capacity in ml,  
Mv = gram molecular volume = 22410 ml,  
and W = sample size in grams. 
Some words on the importance of surface area data to the ceramic industry. Some properties of 
powders which can be affected by the extent of the surface area are blending of particles, adherence 
of particles, flow of particles - bulk density, packing of particles, rheological properties, 
sedimentation, flooding, flocculation and dispersion, drying, optical properties etc[10]. 
 
4.3 APPARENT POROSITY 
Apparent Porosity (AP) is a measure of the volume of the open pores into which a liquid can 
penetrate, as a percentage of the total volume. This is an important property in cases where the body 
is in contact with molten charge and slag. A low apparent porosity is desirable since it would 
prevent easy penetration. However, a measure of the true porosity, which also takes into account the 
volume of closed pores, gives a reasonable idea of the texture of the material as well as sintering 
characteristics. In fact, porosity, bulk density and apparent solid density have been termed as “Vital 
Statistics” of refractory shapes. It is measured by Evacuation method. First of all, the dry specimen 
is weighed and noted down. The dry specimen is placed in empty desiccator which then is 
evacuated so as to remove the trapped air and then suspended in immersion liquid. On weighing 
that wet sample, we get its suspended weight. Then the test sample is dried using a blotting paper. 
After which soaked weight is calculated. Then the apparent porosity is calculated using the 
following formula:- 
A.P = [(Soaked Weight – Dry Weight)/(Soaked Weight – Suspended Weight)] x 100 
Porosity is the dimensionless quantity and is usually expressed in percentage.  
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4.4 BULK DENSITY 
Bulk Density (B.D) is defined as the ratio of the mass of a material to its bulk volume, that is the 
volume of the given material plus all the pores associated with it or defined as the material present 
in a given volume. An increase in bulk density of a given refractory increases its volume stability, 
its heat capacity, as well as resistance to slag corrosion. Mathematically it is defined as 
B.D. = [Dry Weight / (Soaked Weight – Suspended Weight)] x density of immersion liquid 
 
4.5 LINEAR SHRINKAGE 
Linear Shrinkage is the change in dimension of the body up on firing. Shrinkage is the 
manufacturer’s property. It is given by 
LS = [(Li - Lf) x 100]/ Li 
Where, Li = Initial length of the material, Lf = Final length of the material. 
By computing linear shrinkage we can get an estimate as to if the material is industrially and 
commercially fit to be used. The reason being that ceramics primarily are subjected to extremities of 
temperature, hence shrinkage is an important property which needs to be investigated. Rapid 
shrinkage makes the material liable to crack under extreme conditions and hence this is deemed 
unsuitable for use. 
 
4.6 COLD MODULUS OF RUPTURE 
Cold modulus of rupture (CMOR) also referred to as ‘Flexural Strength’ or Three Point Bending 
Strength’. It is a parameter, specifically mechanical, for materials which are brittle in nature. It can 
also be defined as the load beyond which the material gets deformed. For ceramic materials flexural 
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strength is usually calculated by breaking bars under the application of load by three point or four 
point bending test. Here we will discuss about the three point bending strength only. 
In 3 point bending test a test specimen with flat cross-section or rectangular or cylindrical is placed 
for a support over two pins which are parallel to each other. The load is applied on the test sample 
with the help of a third pin, called as loading pin, which applies force from the top over the surface 
as shown in the figure below. This arrangement provides uniform loading on the test sample and 
prevents friction force between the test sample and the three pins.  
 
Fig. 4.1: Picture giving a brief idea regarding the set-up while calculating CMOR values of samples 
CMOR value for 3-point test is calculated by the formula given below: 
σ = 3LF/(2bd²) for a rectangular specimen and 
σ = LF/( πr3) for a round specimen 
where, L – length between the two supporting pins attached to the base;  
F – total force applied to the specimen by loading pins;  
b – breadth of the specimen;  
d – depth of the specimen;  
r – Radius of the specimen. 
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4.7 PERMANENT LINEAR CHANGE ON REHEATING 
Permanent Linear Change (PLC) is also known as ‘after-expansion’ or after-contraction’. It is the 
change in length brought about on reheating and cooling of the bricks which gives an indication of 
the volume stability of the product as well as the adequacy of the processing parameters during 
manufacturing. It is particularly important in case of silica bricks 
This test is carried out in a carefully regulated furnace in an oxidizing atmosphere. The rate of 
increase of temperature is laid down and the specimen is keopt at the test temperature for a given 
number of hours[12]. Mathematically it is defined as: 
PLC = [(Li - Lf) x 100]/ Li 
Where, Li = Initial length of the material, Lf = Final length of the material. 
 
4.8 X-RAY DIFFRACTION 
X-Ray Diffraction (XRD) is a versatile, non-destructive technique that reveals detailed information 
about the matrix composition i.e., number of phases present, crystallographic structure and 
mineralogical phases of a natural or manufactured product. A powder diffraction pattern is 
characteristic of the substance and indicates the state of chemical combination. Each substance in a 
mixture produces their patterns independently. So the quantitative analysis of polymorphs is also 
possible. The advantages in this method would be that we require only a minute amount of the 
sample. The sample is also not destructed by measurements. But in this method only crystalline 
samples can be analysed; whereas amorphous or liquid or gaseous samples cannot be analysed. 
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5. RESULTS & DISCUSSION 
5.1 ZETA POTENTIAL 
 
Fig. 5.1: Graph plotted between pH and the zeta potential values for a slip with 0.1% dispersant. 
% Dispersant pH Zeta Potential in mV 
0.1% 3 0.43 
0.1% 5 -1.32 
0.1% 7 -24.4 
0.1% 9 -8.75 
Table 5.1: Table showing the data of zeta potential at different pH for 0.1% dispersant in the slip. 
Here (Fig. 5.1 & Table 5.1) it can be seen that the maximum value of zeta potential that was 
obtained is at pH 7 which is -24.4mV hence it can be deduced that the slip has incipient 
instability[11] as seen in the literature survey. This also tells us that the stability of the slip can be 
improved by varying the percentage of dispersant. 
% Dispersant pH Zeta Potential in mV 
0.3% 1 11.56 
0.3% 3 8.73 
0.3% 5 -25 
0.3% 7 -42 
0.3% 9 -66 
0.3% 11 -8.98 
Table. 5.2: Table showing the data of zeta potential at different pH for 0.3% dispersant in the slip. 
39 
 
 
Fig. 5.2: Graph plotted between pH and the zeta potential values for a slip with 0.3% dispersant. 
Here (Fig. 5.2 & Table 5.2)  it can be seen that the maximum value of zeta potential that was 
obtained is at pH 9 which is -66mV hence it can be deduced that the slip has excellent stability as 
seen in the literature survey. This also tells us that the stability of the slip cannot be improved 
further. Hence the slip prepared has the maximum stability and the amount of dispersant that should 
be added to prepare slip casted body is 0.3% of the solid loading. 
% Dispersant pH Zeta Potential in mV 
0.5% 1 3.48 
0.5% 3 1.6 
0.5% 5 0.09 
0.5% 7 -16.1 
0.5% 9 -40.1 
0.5% 11 -13.6 
Table. 5.3: Table showing the data of zeta potential at different pH for 0.5% dispersant in the slip 
From the Table 5.3 and Fig. 5.3 it can be seen that the maximum value of zeta potential that was 
obtained is at pH 9 which is -40.1mV hence it can be deduced that the slip has good stability. This 
also tells us that the stability of the slip can be improved further. And therefore, as we see on further 
increasing of dispersant percentage the zeta potential value will further decrease so from here we 
deduce that 0.3% is the optimum percentage of dispersant to be used. 
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Fig. 5.3: Graph plotted between pH and the zeta potential values for a slip with 0.5% dispersant. 
 
5.2 XRD ANALYSIS 
 
Fig. 5.4: X-Ray diffraction pattern of the prepared Nano-magnesia through precipitation method 
when fired at 600oC. 
The long and distinct peak indicate, as seen in Fig. 5.4, the perfect crystallinity of the Nano-MgO 
prepared. Crystallite size calculated by the scherer’s formula was found to be ~26nm. 
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Fig. 5.5: X-Ray diffraction pattern of the prepared Nano-magnesia through precipitation method 
when fired at 300oC. 
The XRD plot (Fig. 5.5) indicates no distinct and long peaks hence concluding the amorphous 
Mg(OH)2 is synthesized successfully. 
5.3 LINEAR SHRINKAGE 
     
Fig. 5.6: Linear shrinkage plot for C-4.0 sample.  Fig.5.7: Linear shrinkage plot for C-4.25 sample. 
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In the Fig. 5.6 & Fig. 5.7 tabulated from Table.5.4 the linear shrinkage of two samples were plotted 
from where we can find out the average value of linear shrinkage for the individual sample. As 
mentioned in graph the plot plotted for particular sample we can see that the linear shrinkage value 
increase with the addition of dopant (0.25%) by 1.54%. 
              
Fig. 5.8: Linear shrinkage plot for C-4.5 sample.  Fig. 5.9: Linear shrinkage plot for M-4.0 sample. 
In the Fig. 5.8 & Fig. 5.9 tabulated from Table.5.4 the linear shrinkage of two samples were plotted 
from where we can find out the average value of linear shrinkage for the individual sample. From 
the Fig. 5.8 we can see that the linear shrinkage value increase with the increase in dopant 
percentage (0.5%) by 0.4% from the sample with 0.25% of dopant. From the Fig. 5.9 the linear 
shrinkage value obtained matches with that of the Fig. 5.6 which was expected. 
In the Fig. 5.10 & Fig. 5.11 tabulated from Table.5.4 the linear shrinkage of two samples were 
plotted from where we can find out the average value of linear shrinkage for the individual samples. 
From the Fig. 5.10 we can see that the linear shrinkage value increase with the addition of dopant 
(0.25%) by 2.68%.  From the Fig. 5.11 we can see that the linear shrinkage value increase with the 
increase in dopant percentage to 0.5% by 0.7% from the sample with 0.25% of dopant. 
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Fig. 5.10: Linear shrinkage plot for M-4.25 sample. Fig. 5.11: Linear shrinkage plot for M-4.5 sample. 
Sample Name Linear Shrinkage in % Sample Name Linear Shrinkage in % 
C-4.0 1 11.08 M-4.0 1 11.08 
C-4.0 2 10.7 M-4.0 2 10.7 
C-4.0 3 11.22 M-4.0 3 11.22 
C-4.0 4 10.65 M-4.0 4 10.65 
C-4.25 1 12.72 M-4.25 1 13.7 
C-4.25 2 12.5 M-4.25 2 13.8 
C-4.25 3 12.3 M-4.25 3 13.4 
C-4.25 4 12.3 M-4.25 4 13.5 
C-4.5 1 12.7 M-4.5 1 14.2 
C-4.5 2 12.8 M-4.5 2 14.21 
C-4.5 3 13.1 M-4.5 3 14.61 
C-4.5 4 12.8 M-4.5 4 14.2 
Table. 5.4: Table showing the data of linear shrinkage of different casted bodies. 
 
Fig. 5.12: Comparison of linear shrinkage plot among the C-MgO and A-Mg(OH)2 dopant samples. 
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A comparative study (Fig. 5.12) of linear shrinkage gives us an idea that the samples doped with 
amorphous magnesium hydroxide shows higher linear shrinkage upon firing when compared to the 
samples doped with the crystalline dopant. A maximum of 14.6% of linear shrinkage was recorded 
and an average maximum value recorded is 14.31%. 
5.4 BULK DENSITY 
 
Fig. 5.13: Bulk Density comparison of samples with different percentage of C-MgO dopant. 
From the Fig. 5.13, tabulated from Table.5.5, the bulk density is compared for change in dopant 
percentage for a particular dopant. It can be seen that the bulk density value increases with the 
addition of 0.25% dopant by 0.73. With further increase in dopant percentage the bulk density value 
decreases drastically by 0.15 from the sample with 0% dopant, this drastic decrease in density may 
be due to the formation of spinel which does not restrict abnormal grain growth. 
From the Fig. 5.14, tabulated from Table.5.5, the bulk density is compared for change in dopant 
percentage for a particular dopant. It can be seen that the bulk density value increases with the 
addition of 0.25% dopant by 0.15. With further increase in dopant percentage the bulk density value 
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decreases drastically by 0.09 from the sample with 0% dopant, this drastic decrease in density may 
be due to the formation of spinel which does not restrict abnormal grain growth. 
 
Fig. 5.14: Bulk Density comparison of samples with different percentage of A-Mg(OH)2 dopant.  
Sample Name Bulk Density in gm/cc Sample Name Bulk Density in gm/cc 
C-4.0 3.15 M-4.0 3.15 
C-4.25 3.23 M-4.25 3.30 
C-4.5 3.00 M-4.5 3.04 
Table. 5.5: Table showing the data of Bulk Density of different casted bodies. 
 
Fig. 5.15: Comparison of Bulk Density plot among the C-MgO and A-Mg(OH)2 dopant samples. 
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A comparative study of bulk density gives us an idea that the samples doped with amorphous 
magnesium hydroxide shows higher density upon firing when compared to the samples doped with 
the crystalline dopant. A maximum density of 3.3gm/cc density was recorded for amorphous doped 
magnesium hydroxide at addition of 0.25% of the dopant which is 0.7 more than the density of the 
samples doped with crystalline magnesia. Hence we observe that the density achieved in case of 
using amorphous magnesium hydroxide is better than that obtained by using crystalline magnesia. 
5.5 APPARENT POROSITY 
 
Fig. 5.16: Apparent Porosity comparison of samples with different C-MgO% dopant. 
Sample Name Apparent Porosity(%) Sample Name Apparent Porosity(%) 
C-4.0 0.33 M-4.0 0.33 
C-4.25 0.20 M-4.25 0.17 
C-4.5 0.82 M-4.5 0.78 
Table. 5.6: Table showing the data of apparent porosity of different casted bodies. 
From the Fig. 5.16, tabulated from Table 5.6, the apparent porosity is compared for change in 
dopant percentage for a particular dopant. It can be seen that the apparent porosity value decreases 
with the addition of 0.25% dopant by 0.13%. With further increase in dopant percentage the 
apparent porosity value increases drastically by 0.49% from the sample with 0% dopant, this drastic 
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increase in porosity may be due to the formation of spinel which does not restrict abnormal grain 
growth. 
 
Fig. 5.17: Apparent Porosity comparison of samples with different A-Mg(OH)2 % dopant. 
From the Fig. 5.17, tabulated from Table 5.6, the AP is compared for change in dopant percentage 
for a particular dopant. It can be seen that the apparent porosity value decreases with the addition of 
0.25% dopant by 0.16%. With further increase in dopant percentage the apparent porosity value 
increases drastically by 0.45% from the sample with 0% dopant, this drastic increase in porosity 
may be due to the formation of spinel which does not restrict abnormal grain growth. 
 
Fig. 5.18: Comparison of Apparent Porosity between the C-MgO and A-Mg(OH)2 dopant samples. 
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A comparative study of apparent porosity (Fig. 5.18) gives us an idea that the samples doped with 
amorphous magnesium hydroxide shows lower porosity upon firing when compared to the samples 
doped with the crystalline dopant. A maximum of 0.84% porosity with an average maximum of 
0.82% porosity was recorded. The minimum porosity value was recorded for an amorphous doped 
magnesium hydroxide at addition of 0.25% of the dopant which is 0.03% less than that of the 
porosity of the samples doped with crystalline magnesia. Hence we observe that the porosity 
achieved in case of using amorphous magnesium hydroxide is very less than that obtained by using 
crystalline magnesia. 
5.6 COLD MODULUS OF RUPTURE 
 
Fig. 5.19: Computer generated plot for the CMOR values. 
The computer generated data as shown in Fig. 5.19 is the data obtained while the experiment for 
calculating the cold modulus of rupture is carried out. In this graph the y axis is the force and x axis 
is the extension of the load pin moved before the force is applied. From this graph we can find the 
maximum load at which sample breaks from which we can calculate the flexural strength value. 
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Fig. 5.20: Comparison of CMOR values of samples with different percentage of C-MgOH dopant. 
From the Fig. 5.20, tabulated from Table 5.7, the CMOR is compared for change in dopant 
percentage for a particular dopant. It can be seen that the CMOR value increases with the addition 
of 0.25% dopant by 60.2MPa. With further increase in dopant percentage the CMOR value 
decreases drastically by ~27MPa from the sample with 0% dopant, this drastic decrease in strength 
may be due to the formation of spinel which does not restrict abnormal grain growth as such due to 
the formation of large grains the strength value decreases which is can be deduced by Hall Petch 
equation: σ = σo + kd-1/2. 
 
Fig. 5.21: CMOR values comparison of samples with different percentage of A-Mg(OH)2 dopant. 
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Sample Name CMOR in MPa Sample Name CMOR in MPa 
C-4.0 110.5 M-4.0 110.5 
C-4.25 170.7 M-4.25 181.9 
C-4.5 83.6 M-4.5 85.05 
Table. 5.7: Table showing the data of CMOR for different casted bodies. 
From the Fig. 5.21, tabulated from Table 5.7, the CMOR is compared for change in dopant 
percentage for a particular dopant. It can be seen that the CMOR value increases with the addition 
of 0.25% dopant by 71.4MPa. With further increase in dopant percentage the CMOR value 
decreases drastically by ~25MPa from the sample with 0% dopant, this drastic decrease in strength 
may be due to the formation of spinel which does not restrict abnormal grain growth as such due to 
the formation of large grains the strength value decreases which is can be deduced by Hall Petch 
equation: σ = σo + kd-1/2. 
 
Fig. 5.22: Comparison of CMOR plot between the C-MgO and A-Mg(OH)2 dopant samples. 
A comparative study of CMOR (Fig. 5.22) gives us an idea that the samples doped with amorphous 
magnesium hydroxide shows higher strength upon firing when compared to the samples doped with 
the crystalline dopant. A maximum of 181.9MPa flexural strength was recorded for amorphous 
doped magnesium hydroxide at addition of 0.25% of the dopant which is 11MPa less than that of 
the strength of the samples doped with crystalline magnesia. Hence we observe that the strength 
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achieved in case of using amorphous magnesium hydroxide is very high than that obtained by using 
crystalline magnesia. Hence it is observed that the mechanical strength of the samples doped with 
amorphous magnesium hydroxide is better than that the crystalline magnesia doped samples. 
5.7 PERMANENT LINEAR CHANGE ON REHEATING 
 
Fig. 5.23: PLC values comparison of samples with different percentage of C-MgO dopant. 
Sample Name PLC in (%) Sample Name PLC in (%) 
C-4.0 0.25 M-4.0 0.25 
C-4.25 0.26 M-4.25 0.27 
C-4.5 0.27 M-4.5 0.29 
Table. 5.8: Table showing the data of PLC for different casted bodies. 
From the Fig. 5.23, tabulated from Table 5.8, the PLC is measured for each sample with varying 
dopant percentage for a particular dopant. It can be seen that the PLC value lies within the accepted 
values of 0.5%. The PLC value of for the samples doped with crystalline magnesia is found to be in 
the range of 0.25% to 0.27%. 
From the Fig. 5.24, tabulated from Table 5.8, the PLC is measured for each sample with varying 
dopant percentage for a particular dopant. It can be seen that the PLC value lies within the accepted 
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values of 0.5%. The PLC value of for the samples doped with crystalline magnesia is found to be in 
the range of 0.25% to 0.29%. 
 
Fig. 5.24: PLC values comparison of samples with different percentage of A-Mg(OH)2 dopant. 
A comparative study of PLC gives us an idea that the samples doped with amorphous magnesium 
hydroxide or crystalline magnesia both shows PLC value within the acceptance limit of 0.5%. A 
maximum of 0.29% PLC was recorded for amorphous doped magnesium hydroxide at addition of 
0.5% of the dopant which is 0.02%. The values of the PLC values lies within the acceptance limit of 
0.5% hence the product is commercially viable. 
5.8 BET ANALYSIS  
Surface area of the milled sample, which was milled for four hours in a planetary mill by wet 
milling process, was obtained to be 4.8m2/gm. The computer generated BET plot has been shown in 
Fig. 5.25 . 
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Fig. 5.25: Computer generated BET plot.  
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6. CONCLUSIONS 
The alumina slip casted bodies were prepared successfully and their properties measurement was 
done. The optimization of the slip was done hence it was obtained that the dispersant percentage to 
be used was determined to be 0.3% of solid loading. The surface area of the milled sample was 
determined to be 4.8m2/gram, as determined by the BET characterization. Dopant that is 
Craytalline-MgO was prepared successfully whose crystallite size was found out to be ~26 nm as 
predicted by the XRD analysis. The Bulk density data obtained in due course of this process was ~ 
3.3 gm/cc. The maximum CMOR values obtained is 181.9MPa. The Permanent Linear Change On 
Reheating values lie within the accepted limits of 0.5%. From a comparative assessment of the 
dopants it was evidently visible that amorphous Mg(OH)2 served as a much promising dopant 
species compared to crystalline MgO. Samples doped with amorphous Mg(OH)2  showed elevated 
properties in all regards compared to the ones doped with crystalline MgO. 
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